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Description 
[NON-VOLATILE MEMORY CELL] 

Cross Reference to Related Applications 

[0001] This application claims the priority benefit of Taiwan ap- 
plication serial no. 93106429, filed March 11, 2004. 
Background of Invention 

[° 002 ] Field of Invention 

[0003] The present invention relates to a memory. More particu- 
larly, the present invention relates to a non-volatile mem- 
ory cell. 

[0004] Description of Related Art 

[0005] The electrically erasable programmable read-only memory 
(EEPROM) devices allow multiple and repetitive writing, 
reading and erasure operations, and the storage data are 
retained even after the power supply is discontinued. Be- 
cause of the aforementioned advantages, the EEPROM 
memory devices have become the mainstream non- 
volatile memory devices, which are widely applied in the 



electronic products, such as, personal computers and dig- 
ital electronic products. 
[0006] so far, according to the commonly adopted technology for 
fabricating the EEPROM memory, doped polysilicon is used 
to form the floating gate and the control gate of the EEP- 
ROM memory cell. A silicon oxide dielectric layer is dis- 
posed between the floating gate and the control gate, 
while a tunnel oxide layer is disposed between the float- 
ing gate and the substrate. As the memory is pro- 
grammed, charges injected into the floating gate dis- 
tribute evenly over the whole polysilicon floating gate 
layer. However, if defects exist in the underlying tunnel 
oxide layer, leakage currents may occur from the polysili- 
con floating gate, thus deteriorating the reliability of the 
device. 

[0007] For solving the above problems, a silicon nitride trapping 
layer is employed to replace the polysilicon floating gate, 
and the upper and lower silicon oxide layers and the sili- 
con nitride trapping layer sandwiched in-between consti- 
tute a silicon oxide/silicon nitride/silicon oxide (ONO) 
stacked structure. Since the silicon nitride trapping layer 
is not conductive, the trapped charges simply localize in 
specific regions, rather than distributing evenly over the 



whole layer. Therefore, when compared to the non- 
volatile memory device having the polysilicon floating 
gate, the non-volatile memory device of the ONO struc- 
ture has higher tolerance toward the defects in the tunnel 
oxide layer and lower possibilities of leakage currents. 

[0008] it is noted that the trapping efficiency of charges is closely 
related to the properties of the silicon nitride trapping 
layer. That is, whether charges can be easily trapped and 
whether the trapped charges can be readily escaped, is 
decided by the ratio of nitrogen content to silicon content 
for the silicon nitride trapping layer. The typical composi- 
tional ratio of nitrogen to silicon is 4:3 for the silicon ni- 
tride trapping layer, and the deep trapping levels of the 
silicon nitride trapping layer are not easily assessable to 
the charges, which decreases the charge trapping effi- 
ciency. Moreover, it is also difficult for the charges 
trapped in the deep trapping levels after multiple and 
repetitive writing to escape, thus degrading the reliability 
of the memory device. 

[0009] In US Patent No. 6,406, 960B1, a method of forming a sili- 
con oxide/silicon nitride/silicon oxide (ONO) stacked 
structure having a silicon-rich silicon nitride trapping 
layer is disclosed. However, with uniform silicon-rich sili- 



con nitride, the trapping levels of the trapping layer are 
shallow and has a high de-trapping rate. 

[0010] As disclosed in US Publication No. 2003/0190821 Al, a 
nitrogen-rich silicon nitride buffer layer is formed be- 
tween the MOS gate structure and the silicon substrate as 
the barrier layer. The silicon-rich silicon nitride buffer 
layer, with trapping levels of high band gaps, offers a 
higher ability of trapping charges. Since the silicon-rich 
silicon nitride layer traps charges, degradation of the gate 
oxide layer by the tunneling charges can be avoided. 

[0011] Nonetheless, up to now, none of the existing non-volatile 
memory structures can solve the prior art problems and 
provide a trapping layer of high charge trapping effi- 
ciency. 
Summary of Invention 

[0012] Accordingly, the present invention provides a non-volatile 
memory cell and the non-volatile memory structure, hav- 
ing a charge trapping layer with a high charge trapping 
efficiency. 

[0013] Accordingly, the present invention provides a non-volatile 
memory cell and the non-volatile memory structure 
thereof by employing a graded charge trapping layer, 
which allows larger starting voltage detection windows, 



affords better endurance of repeated program/erase as 
well as read operations, and permits enhanced retention 
of data storage. Also, the non-volatile memory cell and 
the non-volatile memory structure thereof can be oper- 
ated under a lower operation voltage and with less power 
consumption and is beneficial for the multi-bit design. 

[0014] As embodied and broadly described herein, the invention 
provides a non-volatile memory cell, comprising a tunnel 
dielectric layer disposed on the substrate, a barrier dielec- 
tric layer disposed over the tunnel dielectric layer, a 
graded trapping layer disposed between the tunnel di- 
electric layer and the barrier dielectric layer, a gate con- 
ductive layer disposed on the barrier dielectric layer and a 
source/drain region disposed in the substrate. 

[0015] As embodied and broadly described herein, the composi- 
tional ratio of the graded trapping layer varies from one 
side the graded trapping layer adjacent to the tunnel di- 
electric layer to the other side of the graded trapping layer 
adjacent to the barrier dielectric layer. By using the graded 
charge trapping layer with graded compositional ratios, 
the charge trapping efficiency is thus enhanced. 

[0016] As embodied and broadly described herein, the graded 
trapping layer has a graded band gap and the graded 



band gap includes a plurality of trapping levels. The num- 
bers of the trapping levels vary in different positions of 
the graded trapping layer, varying from one side of the 
graded trapping layer adjacent to the tunnel dielectric 
layer to the other side the graded trapping layer adjacent 
to the barrier dielectric layer. For different positions of the 
graded trapping layer, the position(s) with the narrower 
bandgap exhibits the higher potential barrier and allows 
carriers (charges) to go deep into the trapping layer by 
lateral hopping. By using the graded charge trapping layer 
with the graded band gap, the charge trapping efficiency 
is thus enhanced. 
[0017] it i S to be understood that both the foregoing general de- 
scription and the following detailed description are exem- 
plary, and are intended to provide further explanation of 

the invention as claimed. 
Brief Description of Drawings 

[0018] The accompanying drawings are included to provide a 

further understanding of the invention, and are incorpo- 
rated in and constitute a part of this specification. The 
drawings illustrate embodiments of the invention and, to- 
gether with the description, serve to explain the principles 
of the invention. 



[0019] pig. 1 is a schematic cross-sectional view of the structure 
of a non-volatile memory cell according to the first pre- 
ferred embodiment of this invention. 

[0020] pig. 2 is a schematic view of the band gap diagram for the 
structure of Fig. 1. 

[0021] Fig. 3 is a schematic cross-sectional view of the structure 
of a non-volatile memory cell according to the second 
preferred embodiment of this invention. 

[0022] Fig. 4 is a schematic view of the band gap diagram for the 
structure of Fig. 3. 

[0023] Fig. 5 is a schematic cross-sectional view of the structure 
of a non-volatile memory cell according to the third pre- 
ferred embodiment of this invention. 

[0024] Fig. 6 is a schematic view of the band gap diagram for the 
structure of Fig. 5. 

[0025] Fig. 7 is a schematic cross-sectional view of the structure 
of a non-volatile memory cell according to the fourth pre- 
ferred embodiment of this invention. 

[0026] Fig. 8 is a schematic view of the band gap diagram for the 
structure of Fig. 7. 

[0027] Figs. 9A to 9C illustrates cross-sectional views of the pro- 
cess steps for forming a non-volatile memory cell accord- 
ing to one preferred embodiment of this invention. 



[0028] pig. 10 is a graph showing the relation of threshold volt- 
age (V) versus time (second) for the non-volatile memory. 

[0029] pig. 11 is a graph showing the relation of threshold volt- 
age (V) versus time (second) for the non-volatile memory. 

[0030] Fig. 12 is a graph showing the relation of threshold volt- 
age (V) versus numbers of program/erase (P/E) cycles for 
the non-volatile memory. 

[0031] Fig. 13 is a graph showing the relation of threshold volt- 
age (V) versus time (second) for the non-volatile memory. 

[0032] Fig. 14 is a graph showing the read-disturb characteristic 
of threshold voltage (V) versus time (second) for the non- 
volatile memory. 
Detailed Description 

[0033] Fig. 1 is a schematic cross-sectional view of the structure 
of a non-volatile memory cell according to the first pre- 
ferred embodiment of this invention. 

[0034] Referring to Fig. 1, the non-volatile memory cell includes 
a substrate 100, a tunnel dielectric layer 102, a graded 
trapping layer 104, a barrier dielectric layer 106, a gate 
conductive layer 108 and a source region 110a/ drain re- 
gion 110b. 

[0035] The substrate 100 is, for example, a silicon substrate. The 
substrate can be a P-type substrate or a N-type substrate. 



[0036] The tunnel dielectric layer 102, for example, made of sili- 
con oxide or other materials, is disposed on the substrate 
100, while the barrier dielectric layer 106, for example, 
made of silicon oxide or other materials, is disposed over 
the tunnel dielectric layer 102. 

[0037] The graded trapping layer 104 is disposed between the 
tunnel dielectric layer 102 and the barrier dielectric layer 
106. The graded trapping layer 104, for example, has a 
thickness of about 50 Angstroms. The graded trapping 
layer 104 is not a homogeneous layer of the same compo- 
sition. The compositional ratio of the graded trapping 
layer 104 in different positions varies, varying from the 
bottom side (the side adjacent to the tunnel dielectric 
layer 102) to the top side (the side adjacent to the barrier 
dielectric layer 106). For example, the compositional ratio 
of the graded trapping layer 104 becomes smaller from 
the bottom side to the top side. 

[0038] The gate conductive layer 108, for example, made of 

polysilicon, doped polysilicon or other suitable conductive 
materials, is disposed on the barrier dielectric layer 106. 
The source region 110a and the drain region 110b are 
disposed in the substrate 100 along both sides of the gate 
conductive layer 108. The source/drain regions 



110a/ 110b are doped with either N-type dopants or P- 
type dopants. 

[0039] According to the first embodiment, the compositional ra- 
tio of the graded trapping layer 104 becomes smaller 
from the bottom side to the top side. The graded trapping 
layer 104 is a graded silicon nitride layer (Si N ) layer, for 

x y 

example. The silicon/nitrogen compositional ratio x/y of 
the graded silicon nitride layer decreases from the bottom 
side (the side adjacent to the tunnel dielectric layer 102) 
to the top side (the side adjacent to the barrier dielectric 
layer 106). The bottom side (the side adjacent to the tun- 
nel dielectric layer 102) of the graded silicon nitride layer 
104 includes silicon-rich silicon nitride, while the top side 
(the side adjacent to the barrier dielectric layer 106) of the 
graded silicon nitride layer 104 includes nitrogen-rich sil- 
icon nitride. The silicon/nitrogen compositional ratio x/y 
of silicon-rich silicon nitride is larger than 3/4, while the 
silicon/nitrogen compositional ratio x/y of nitrogen-rich 
silicon nitride is smaller than 3/4. In the middle portion of 
the graded silicon nitride layer 104, the silicon/nitrogen 
compositional ratio x/y is about 3/4. 
[0040] Because silicon nitride in the top side (the side adjacent to 
the barrier dielectric layer 106) of the graded silicon ni- 



tride layer 104 is nitrogen-rich silicon nitride, more trap- 
ping levels are available and accessible for charges. On 
the other hand, since silicon nitride in the bottom side 
(the side adjacent to the tunnel dielectric layer 102) of the 
graded silicon nitride layer 104 is silicon-rich silicon ni- 
tride, the potential barrier height between silicon nitride 
and the tunnel dielectric material is increased by increas- 
ing the silicon content in silicon nitride. Therefore, the 
graded silicon nitride layer 104 has a graded energy band 
gap. As shown in Fig. 2, as charges tunnel through the 
tunnel dielectric layer 102 and enters into the bottom side 
of the graded silicon nitride layer 104, charges are 
trapped by shallow trapping levels and then transferred to 
adjacent deeper trapping levels in the top side of the 
graded silicon nitride layer 104 by lateral hopping. Since 
the charges are trapped by deeper levels in the top side of 
the graded silicon nitride layer 104, they will not escape 
to the barrier dielectric layer 106. Moreover, due to the 
higher silicon content of silicon-rich silicon nitride in the 
bottom side of the graded silicon nitride layer 104, the in- 
creased potential barrier height reduces the back- 
tunneling possibility of the charges, thus increasing the 
charge trapping efficiency of the graded silicon nitride 



layer 104. 

[0041] According to the second embodiment, the graded trap- 
ping layer 112 as shown in Fig. 3 is not a homogeneous 
layer of the same composition. The compositional ratio of 
the graded trapping layer 112 becomes larger from the 
bottom side (the side adjacent to the tunnel dielectric 
layer 102) to the top side (the side adjacent to the barrier 
dielectric layer 106). The graded trapping layer 112 is a 
graded silicon nitride layer (Si N ) layer, for example. The 

x y 

silicon/nitrogen compositional ratio x/y of the graded sil- 
icon nitride layer increases from the bottom side (the side 
adjacent to the tunnel dielectric layer 102) to the top side 
(the side adjacent to the barrier dielectric layer 106). The 
bottom side (the side adjacent to the tunnel dielectric 
layer 102) of the graded silicon nitride layer 112 includes 
nitrogen-rich silicon nitride, while the top side (the side 
adjacent to the barrier dielectric layer 106) of the graded 
silicon nitride layer 112 includes silicon-rich silicon ni- 
tride. The silicon/nitrogen compositional ratio x/y of sili- 
con-rich silicon nitride is larger than 3/4, while the sili- 
con/nitrogen compositional ratio x/y of nitrogen-rich sili- 
con nitride is smaller than 3/4. In the middle portion of 
the graded silicon nitride layer 112, the silicon/nitrogen 



compositional ratio x/y is about 3/4. 

[0042] Because silicon nitride in the top side (the side adjacent to 
the barrier dielectric layer 106) of the graded silicon ni- 
tride layer 112 is silicon-rich silicon nitride, the potential 
barrier height between silicon nitride and the barrier di- 
electric material is increased. On the other hand, since sil- 
icon nitride in the bottom side (the side adjacent to the 
tunnel dielectric layer 102) of the graded silicon nitride 
layer 112 is nitrogen-rich silicon nitride, more trapping 
levels are available. Therefore, the graded silicon nitride 
layer 112 has a graded energy band gap. As shown in Fig. 
4, as charges tunnel through the tunnel dielectric layer 
102 and enters into the graded silicon nitride layer 112, 
the increased potential barrier height of the top side of 
the graded silicon nitride layer 112 can prevent charges 
escaping to the barrier dielectric layer 106. Since the 
charges are transferred to adjacent deeper trapping levels 
in the bottom side of the graded silicon nitride layer 112 
by lateral hopping, the back-tunneling possibility of the 
charges is also reduced, thus increasing the charge trap- 
ping efficiency of the graded silicon nitride layer 112. 

[0043] According to the third embodiment, the graded trapping 
layer 114 as shown in Fig. 5 is a two-stage graded layer, 



rather than a homogeneous layer of the same composi- 
tion. The compositional ratio of the two-stage graded 
trapping layer 114 firstly becomes larger and then be- 
comes smaller, from the bottom side (the side adjacent to 
the tunnel dielectric layer 102) to the top side (the side 
adjacent to the barrier dielectric layer 106). The graded 
trapping layer 114 is a two-stage graded silicon nitride 
layer (Si N ) layer, for example. The silicon/nitrogen com- 

x y 

positional ratio x/y of the two-stage graded silicon nitride 
layer firstly increases gradually and then decreases gradu- 
ally, from the bottom side (the side adjacent to the tunnel 
dielectric layer 102) to the top side (the side adjacent to 
the barrier dielectric layer 106). The bottom side (the side 
adjacent to the tunnel dielectric layer 102) and the top 
side (the side adjacent to the barrier dielectric layer 106) 
of the two-stage graded silicon nitride layer 114 include 
nitrogen-rich silicon nitride, while the middle portion of 
the two-stage graded silicon nitride layer 114 includes 
silicon-rich silicon nitride. The silicon/nitrogen composi- 
tional ratio x/y of silicon-rich silicon nitride is larger than 
3/4, while the silicon/nitrogen compositional ratio x/y of 
nitrogen-rich silicon nitride is smaller than 3/4. 
[0044] Because silicon nitride in the top side and bottom side of 



the two-stage graded silicon nitride layer 114 is nitrogen- 
rich silicon nitride, more trapping levels are available and 
accessible for charges. On the other hand, since silicon 
nitride in the middle portion of the two-stage graded sili- 
con nitride layer 114 is silicon-rich silicon nitride, the po- 
tential barrier height is larger. Therefore, the graded sili- 
con nitride layer 114 has a two-stage graded energy band 
gap. As shown in Fig. 6, as charges tunnel through the 
tunnel dielectric layer 102 and enters into the two-stage 
graded silicon nitride layer 114, due to the higher silicon 
content of silicon-rich silicon nitride in the middle portion 
of the graded silicon nitride layer 114, the large potential 
barrier height can prevent charges from tunneling to both 
the bottom side and the top side of the two-stage graded 
silicon nitride layer 114. Moreover, for charges tunneling 
to either the bottom side or the top side of the two-stage 
graded silicon nitride layer 114, charges are transferred to 
adjacent deeper trapping levels in the bottom side or the 
top side of the graded silicon nitride layer 114 by lateral 
hopping. Therefore, charges are trapped by the two-stage 
graded silicon nitride layer 114, thus increasing the 
charge trapping efficiency of the two-stage graded silicon 
nitride layer 114. 



[0045] According to the fourth embodiment, the graded trapping 
layer 116 as shown in Fig. 7 is a two-stage graded layer, 
rather than a homogeneous layer of the same composi- 
tion. The compositional ratio of the two-stage graded 
trapping layer 116 firstly becomes smaller and then be- 
comes larger, from the bottom side (the side adjacent to 
the tunnel dielectric layer 102) to the top side (the side 
adjacent to the barrier dielectric layer 106). The graded 
trapping layer 116 is a two-stage graded silicon nitride 
layer (Si N ) layer, for example. The silicon/nitrogen com- 

x y 

positional ratio x/y of the two-stage graded silicon nitride 
layer firstly decreases gradually and then increases gradu- 
ally, from the bottom side (the side adjacent to the tunnel 
dielectric layer 102) to the top side (the side adjacent to 
the barrier dielectric layer 106). The bottom side (the side 
adjacent to the tunnel dielectric layer 102) and the top 
side (the side adjacent to the barrier dielectric layer 106) 
of the two-stage graded silicon nitride layer 116 include 
silicon-rich silicon nitride, while the middle portion of the 
two-stage graded silicon nitride layer 116 includes nitro- 
gen-rich silicon nitride. The silicon/nitrogen composi- 
tional ratio x/y of silicon-rich silicon nitride is larger than 
3/4, while the silicon/nitrogen compositional ratio x/y of 



nitrogen-rich silicon nitride is smaller than 3/4. 
[0046] Because silicon nitride in the top side and bottom side of 
the two-stage graded silicon nitride layer 116 is silicon- 
rich silicon nitride, the potential barrier height is larger. 
On the other hand, since silicon nitride in the middle por- 
tion of the two-stage graded silicon nitride layer 116 is 
nitrogen-rich silicon nitride, more trapping levels are 
available and accessible for charges. Therefore, the 
graded silicon nitride layer 116 has a two-stage graded 
energy band gap. As shown in Fig. 8, as charges tunnel 
through the tunnel dielectric layer 102 and enters into the 
two-stage graded silicon nitride layer 116, charges can be 
easily trapped in the middle portion of the two-stage 
graded silicon nitride layer 116 due to more trapping lev- 
els available. Moreover, because of the higher silicon con- 
tent of both the bottom side and the top side of the two- 
stage graded silicon nitride layer 116, the large potential 
barrier height can prevent charges from escaping through 
both the bottom side and the top side of the two-stage 
graded silicon nitride layer 116. Therefore, charges are 
trapped by the two-stage graded silicon nitride layer 116, 
thus increasing the charge trapping efficiency of the two- 
stage graded silicon nitride layer 116. 



[0047] From the above embodiments, the silicon/nitrogen ratio 
of the silicon nitride trapping layer 104, 112, 114 or 116 
varies, from one side of the trapping layer 104, 112, 114 
or 116 adjacent to the tunnel dielectric layer 102 to an- 
other side of the trapping layer 104, 112, 114 or 116 ad- 
jacent to the barrier dielectric layer 106. As the silicon 
content of the trapping layer is increased (i.e. higher sili- 
con/nitrogen ratio), the potential barrier is elevated so as 
to prevent charges escaping from the trapping layer. Also, 
by increasing the nitrogen content of the trapping layer 
(i.e. lower silicon/nitrogen ratio), more trapping levels are 
provided to enhance the charge trapping efficiency. 
Hence, the graded trapping layers 104, 112, 114 and 116 
as described herein can afford better charge trapping effi- 
ciency. 

[0048] As long as the compositional ratio of the trapping layer 
varies from one side to another side (or from bottom to 
top), and the compositional ratio of the trapping layer 
changes as its position changes. The above embodiments 
are merely exemplary and not used to limit the scope of 
the present invention. 

[0049] pigs. 9A to 9C illustrates cross-sectional views of the pro- 
cess steps for forming a non-volatile memory cell accord- 



ing to one preferred embodiment of this invention. 

[0050] Referring to FIG. 9A, a tunnel dielectric layer 102 is 

formed over a provided substrate 100. The substrate 100 
is a P-type substrate or a N-type substrate, for example. 
The tunnel dielectric layer 102 is, for example, is formed 
of silicon nitride by using N 2 0 as the reaction gas and 
then performing a thermal oxidation process. 

[0051] Then, the graded trapping layer 104 is formed on the tun- 
nel dielectric layer 102. The graded trapping layer 104 is 
formed by using several reactants, and these reactants are 
mixed in specific mixing ratios. By adjusting the mixing 
ratios of the reactants, the compositional ratios of the 
graded trapping layer can be controlled. 

[0052] For example, the graded silicon nitride (Si N ) trapping 

x y 

layer is formed by low-pressure chemical vapor deposi- 
tion (LPCVD) and applied reactants includes silicon con- 
taining reactants (such as SiH CI ) and nitrogen containing 
reactants (such as NH 3 ). During the formation process, for 
example, the mixing ratio of silicon containing reactants 
(SiH 2 CI 2 ) and nitrogen containing reactants (NH^ becomes 
smaller so as to obtain the graded silicon nitride trapping 
layer 104 having the bottom side (the side adjacent to the 
tunnel dielectric layer 102) of the graded silicon nitride 



layer 104 composed of silicon-rich silicon nitride and the 
top side (the side adjacent to the barrier dielectric layer 
106) of the graded silicon nitride layer 104 composed of 
nitrogen-rich silicon nitride. 
[0053] Generally, the flow rate of the silicon containing reactant 
(such as SiH CI ) is adjusted between 10%- 90% of the 

2 2 

maximum flow rate, while the flow rate of the nitrogen 
containing reactant (such as NH^ is adjusted between 
10%-90% of the maximum flow rate. For example, when 
the maximum flow rate of SiH CI is 200 seem and the 

2 2 

maximum flow rate of NH is 500 seem, the flow rate of 

3 

SiH CI is variable between 20-180 seem and the flow rate 

2 2 

of NH 3 is variable between 20-450 seem. Namely, during 
the formation process of the graded silicon nitride trap- 
ping layer, the mixing ratio (flow rate ratio) of SiH 2 CI 2 /NH 3 
is about 180/50 for forming the most silicon-rich silicon 
nitride, while the mixing ratio (flow rate ratio) of SiH 2 CI 2 / 
NH 3 is about 20/450 for forming the most nitrogen-rich 
silicon nitride. 

[0054] Referring to FIG. 9B, the barrier dielectric layer 106 is 

formed on the graded trapping layer 104. The barrier di- 
electric layer 106 is, for example, made of silicon oxide by 
CVD using tetra-ethyl-ortho-silicate (TEOS) as reaction 



gas. Afterwards, a gate conductive layer 108 is formed on 
the barrier dielectric layer 106. The gate conductive layer 
108 is made of doped polysilicon, for example. The 
method for forming the gate conductive layer 108 in- 
cludes, for example, depositing an undoped polysilicon 
layer (not shown) by CVD and then performing implanta- 
tion to the undoped polysilicon layer. Alternatively, the 
method for forming the gate conductive layer 108 can in- 
cludes CVD with in-situ doping by flowing reaction gas 
such as PH into the chamber. 

3 

[0055] Referring to FIG. 9C, after patterning the gate conductive 
layer 108, the barrier dielectric layer 106, the graded 
trapping layer 104 and the tunnel dielectric layer 102, 
source/drain regions HOa/llOb are formed in the sub- 
strate 100 along both sides of the patterned gate conduc- 
tive layer 108, thus completing the fabrication of the non- 
volatile memory cell. For example, an ion implantation 
step by using N-type dopants or P-type dopants is per- 
formed to form the source/drain regions 110a/ 110b. 

[0056] For the graded trapping layer 104, 112, 114 and 116, the 
graded trapping layer can be formed by using several re- 
actants in adjustable mixing ratios to control the compo- 
sitional ratios of the graded trapping layer. 



[0057] Taking the graded silicon nitride (Si N ) trapping layer as 

x y 

an example, the graded silicon nitride (Si N ) trapping 

x y 

layer is formed by using silicon containing reactants (such 
as SiH 2 CI 2 ) and nitrogen containing reactants (such as NH 
3 ). During the formation process, according to the second 
embodiment, the mixing ratio of silicon containing reac- 
tants (SiH 2 CI 2 ) and nitrogen containing reactants (NH^ 
becomes larger so as to obtain the graded silicon nitride 
trapping layer 112 having the bottom side (the side adja- 
cent to the tunnel dielectric layer 102) of the graded sili- 
con nitride layer 112 composed of nitrogen-rich silicon 
nitride and the top side (the side adjacent to the barrier 
dielectric layer 106) of the graded silicon nitride layer 112 
composed of silicon-rich silicon nitride, as shown in Fig. 
3. 

[0058] | n the third embodiment, the mixing ratio of silicon con- 
taining reactants (SiH 2 CI 2 ) and nitrogen containing reac- 
tants (NH 3 ) first increases and then decreases, so as to 
obtain the graded silicon nitride trapping layer 114 having 
the bottom side and the top side of the graded silicon ni- 
tride layer 114 composed of nitrogen-rich silicon nitride 
and the middle portion of the graded silicon nitride layer 
114 composed of silicon-rich silicon nitride, as shown in 



Fig. 5. 

[0059] | n the fourth embodiment, the mixing ratio of silicon con- 
taining reactants (SiH CI ) and nitrogen containing reac- 
tants (NH 3 ) first decreases and then increases, so as to 
obtain the graded silicon nitride trapping layer 116 having 
the bottom side and the top side of the graded silicon ni- 
tride layer 116 composed of silicon-rich silicon nitride 
and the middle portion of the graded silicon nitride layer 
116 composed of nitrogen-rich silicon nitride, as shown 
in Fig. 7. 

[0060] The following data are provided to identify the character- 
istics of the non-volatile memory cell of this invention and 
to compare with the non-volatile memory cell of the prior 
art. Example 1: the non-volatile memory having the 
graded trapping layer 104 of Fig. 1 of this invention. 
Comparative example 1: the prior art non-volatile mem- 
ory having the trapping layer of the Si/N ratio equivalent 
to 3/4. Comparative example 2: the prior art non-volatile 
memory having the silicon-rich trapping layer. 

[0061] pig. 10 is a graph showing the relation of threshold volt- 
age (V) versus time (second) for the non-volatile memory, 
the Y axis indicating threshold voltage and X axis indicat- 
ing time. Within the graph, the square, circle and triangle 



symbols represent example 1, comparative examples 1 
and 2 respectively, after programming. As shown in Fig. 

_3 

10, after programming, at about 10 seconds example 1 
has the largest threshold voltage shift. 
[0062] pig. 11 is a graph showing the relation of threshold volt- 
age (V) versus time (second) for the non-volatile memory, 
the Y axis indicating threshold voltage and X axis indicat- 
ing time. Within the graph, the square, circle and triangle 
symbols represent example 1, comparative examples 1 
and 2 respectively, after erasing. As shown in Fig. 11, af- 

_2 

ter erasing, at about 10 seconds example 1 has the rea- 
sonable threshold voltage shift. 

[0063] pig. 12 is a graph showing the relation of threshold volt- 
age (V) versus numbers of program/erase (P/E) cycles for 
the non-volatile memory, the Y axis indicating threshold 
voltage and X axis indicating numbers of P/E cycles. 
Within the graph, the square, circle and triangle symbols 
in the upper portion represent example 1, comparative 
examples 1 and 2 respectively during programming, while 
the square, circle and triangle symbols in the lower por- 
tion represent example 1, comparative examples 1 and 2 
respectively during erasing. 

[0064] a s shown in Fig. 12, the starting voltage detection window 



of the non-volatile memory relates to the threshold volt- 
age difference between programming and erasing. Taking 
comparative examples as examples, the threshold voltage 
difference between programming and erasing is about 2V. 
However, for example 1 of this invention, the threshold 
voltage difference between programming and erasing is 
about 3V. Therefore, the non-volatile memory having a 
graded silicon-nitride trapping layer has a larger starting 
voltage detection window. 

[0065] | n addition, after about 100,000 P/E cycles, the non- 
volatile memory of comparative example 1 will lose the 
starting voltage detection window, thus losing pro- 
grammability. The non-volatile memory of comparative 
example 2 will lose the starting voltage detection window 
after about 200 P/E cycles of operations. On the other 
hand, the starting voltage detection window of the non- 
volatile memory in example 1 remains about 3V even after 
one million P/E cycles of operations, showing significantly 
better endurance. 

[0066] pig. 13 is a graph showing the relation of threshold volt- 
age (V) versus time (second) for the non-volatile memory, 
the Y axis indicating threshold voltage and X axis indicat- 
ing time. Within the graph, the square, circle and triangle 



symbols in the upper portion represent example 1, com- 
parative examples 1 and 2 respectively during program- 
ming, while the square, circle and triangle symbols in the 
lower portion represent example 1, comparative examples 
1 and 2 respectively during erasing. 
[0067] Referring to Fig. 13, as time increases, the threshold volt- 
age is decreasing, thus reducing the starting voltage de- 
tection window for these three samples. For the non- 
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volatile memory of comparative example 1, after 3x10 
seconds, the starting voltage detection window is about 
0.3V, which may cause the non-volatile memory being not 
readable. For the non-volatile memory of comparative ex- 
ample 2, after 5xl0 7 seconds, the starting voltage detec- 
tion window of the non-volatile memory even disappears, 
thus losing programmability. However, the non-volatile 
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memory of this invention (example 1), after 3x10 sec- 
onds, still has the starting voltage detection window of 
about 1.3V. Hence, the non-volatile memory of this in- 
vention has programmability even after 3xl0 8 seconds, 
thus having improved retention for the stored data 
(charges). 

[0068] pig. 14 is a graph showing the read-disturb characteristic 
for the three different nitride films non-volatile memory, 



the Y axis indicating threshold voltage and X axis indicat- 
ing time. Within the graph, the square, circle and triangle 
symbols in the upper portion represent example 1, com- 
parative examples 1 and 2 respectively read-disturb char- 
acteristic after programming, while the square, circle and 
triangle symbols in the lower portion represent example 
1, comparative examples 1 and 2 respectively read- 
disturb characteristic after erasing. 
[0069] Referring to Fig. 14, as time increases, the threshold volt- 
age is decreasing similar to retention trend, thus reducing 
the starting voltage detection window for these three 
samples. For the non-volatile memory of comparative ex- 
ample 1, it is very sensitivity to read operation. Rising the 
threshold voltage of erase state very speedy and after 10 7 
seconds, the starting voltage detection window is vanish- 
ing, which may cause the non-volatile memory being not 
readable. For the non-volatile memory of comparative ex- 
ample 2, it also cannot withstand the device read fre- 
quently. Raising the threshold voltage of erasing state 
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very quickly and after 2x10 seconds, the starting voltage 
detection window of the non-volatile memory even disap- 
pears, thus losing storage ability. However, the non- 

g 

volatile memory of this invention (example 1), after 3x10 



seconds, still has the starting voltage detection window of 
about 2.1V. That is better than retention characteristic 
which in the brush aside situation. Hence, the non-volatile 
memory of this invention with a self-recovery mechanism 
of read operation that actually improves retention. 
[0070] | n conclusion, the present invention provides the following 
advantages. 

[0071] i.The present invention employs a graded charge trap- 
ping layer for the non-volatile memory structure, which 
can effectively increase the charge trapping efficiency of 
the charge trapping layer and beneficial for the multiple- 
bit non-volatile memory. 

[0072] 2. Because the graded trapping layer applied herein pro- 
vides better charge trapping efficiency, i.e. charges are 
easily trapped and unlikely to escape, the non-volatile 
memory structure disclosed in the present invention can 
allow larger starting voltage detection windows and afford 
better endurance, enhanced data storage retention, and 
improved read-disturb characteristic. 

[0073] 3. Compared with the thicker (about 450 Angstroms) trap- 
ping layer in the prior structure, the graded charge trap- 
ping layer of this invention is thinner (with a thickness of 
about 50 Angstroms) and has better charge trapping effi- 



ciency. Hence, the non-volatile memory structure disclose 
in this invention can be operated under a lower operation 
voltage and with less power consumption. 

[0074] 4.According to the present invention, the graded charge 
trapping layer with high charge trapping efficiency is 
formed by adjusting the mixing ratios of the reactants. 
Therefore, the graded charge trapping layer of this inven- 
tion can be fabricated by using the processes compatible 
with the prior art processes, which is cost-effective. 

[0075] it w j|| De apparent to those skilled in the art that various 
modifications and variations can be made to the structure 
of the present invention without departing from the scope 
or spirit of the invention. In view of the foregoing, it is in- 
tended that the present invention cover modifications and 
variations of this invention provided they fall within the 
scope of the following claims and their equivalents. 



